We propose that the forward and reverse halves of a flash-induced protein-protein electron transfer (ET) photocycle should exhibit differential responses to dynamic interconversion of configurations when the most stable configuration is not the most reactive, because the reactants exist in different initial configurations: the flash-photoinitiated forward ET process begins with the protein partners in an equilibrium ensemble of configurations, many of which have little or no reactivity, whereas the reactant of the thermal back ET (the charge-separated intermediate) is formed in a nonequilibrium, ''activated'' protein configuration. We report evidence for this proposal in measurements on (i) mixed-metal hemoglobin hybrids, (ii) the complex between cytochrome c peroxidase and cytochrome c, and (iii and iv) the complexes of myoglobin and isolated hemoglobin ␣-chains with cytochrome b 5. For all three systems, forward and reverse ET does respond differently to modulation of dynamic processes; further, the response to changes in viscosity is different for each system. cytochrome c ͉ dynamics ͉ hemoglobin ͉ myoglobin ͉ cytochrome c peroxidase T he long-range transfer of a single electron from donor to acceptor in a condensed phase is a fascinating and widely studied process (1, 2). Much of this work seeks to understand the electron transfer (ET) process itself. However, when the ET event involves a dynamic protein-protein interface, the observed kinetics frequently are controlled not by the ET process itself, but by the dynamics of recognition and binding and͞or conversion within an ensemble of bound configurations (3, 4).
T
he long-range transfer of a single electron from donor to acceptor in a condensed phase is a fascinating and widely studied process (1, 2) . Much of this work seeks to understand the electron transfer (ET) process itself. However, when the ET event involves a dynamic protein-protein interface, the observed kinetics frequently are controlled not by the ET process itself, but by the dynamics of recognition and binding and͞or conversion within an ensemble of bound configurations (3, 4) .
Studies of interprotein ET (3, (5) (6) (7) (8) (9) (10) began with the implicit assumption of a protein-protein binding-energy landscape with a single reactive complex (Fig. 1A Left) , implying a direct correlation between binding and reactivity. When the landscape for complex formation has several discrete minima ( Fig. 1 A Center) the reactive conformation may differ from the most stable one, in which case the observed ET kinetics are controlled by the rates and͞or energetics of conformational conversion within a complex (11) (12) (13) . Recent studies of ET between myoglobin (Mb) and cytochrome b 5 (Fe 3ϩ b 5 ), which bind to each other by weak electrostatic interactions, disclosed a new dynamic docking paradigm in protein-protein reaction dynamics: the landscape involves numerous configurations of similar affinity, only a subset of which is active in ET ( Fig. 1 A Right) (4, 14) .
A majority of these studies have used a photocycle in which laser-flash excitation of the metallo-porphyrin in a metalsubstituted (M ϭ Zn or Mg) hemoprotein to its triplet excited state ( 3 D) triggers ET from the triplet to the metal center of an acceptor protein (A) across a protein-protein interface, with rate constant, k f , Eq. 1:
The acceptor metal center of A typically is a ferri-heme center, (9, (15) (16) (17) but also can be a Cu(II) center (18) . The product of the photoinitiated 3 D 3 A ET process is the charge-separated intermediate with a metalloporphyrin -cation radical in the donor protein and a reduced acceptor protein, I ϭ [D ϩ A Ϫ ]; it returns to the ground state by a thermal ET process, rate constant k b (Eq. 2), completing the photocycle.
Given the exponentially steep fall-off in the matrix element for ET between the two redox centers (19, 20) , there will be only a subset of conformations in which the ET matrix element is maximized, and these will dominate both the forward reaction, 1, and back reaction, 2. However, the forward ET reaction is initiated by excitation of the protein partners in an equilibrium ensemble of mostly nonreactive configurations (Fig. 1B Left) , which in general must involve conformational conversion to a reactive configuration. In contrast, the reactant complex of 2 is the ET intermediate I generated by 1 and formed in a highly reactive configuration (Fig. 1B Right) . As a result, the back ET reaction is initiated within a nonequilibrium ensemble of EToptimized configurations and would be expected to return to the ground state with the fastest rate constant possible unless conformational interconversion first ''breaks the connection'' and the complex converts to a nonreactive substate. According to this analysis, the two halves of the photocycle (Eqs. 1 and 2) might be expected to respond differently to changes in the dynamics of configurational conversion: in the simplest picture, the forward reaction should be slowed as dynamic processes are slowed, say by an increase in viscosity; the back reaction could show an increased rate under conditions that suppress interconversion, whether by viscosity increase or strengthened binding.
Here, we present some preliminary results with four ET complexes that indicate that the above ideas will indeed provide a fruitful approach to the study of the dynamics of proteinprotein complexes.
Mixed-metal hemoglobin (Hb) hybrids provide an ideal system with which to study ET between redox partners at a fixed and crystallographically known distance and orientation (16) . For the purposes of ET studies, the tetramer can be treated as two independent, predocked [␣ 1 ␤ 2 ] protein-protein ET complexes, each of which has been represented by a simple docking energy landscape ( Fig. 1 A Left) . In this most ''static'' of complexes we nonetheless find evidence for differential influence of dynamic processes on Eqs. 1 and 2 by studying the effect of viscosity on the ET photocycle in the [␣ 2 (Zn),␤ 2 (Fe 3ϩ N 3 Ϫ )] hybrid. The physiological ET partners cytochrome c peroxidase (CcP) and cytochrome c (Cc) often are viewed as the paradigmatic interprotein ET pair, but in fact they comprise a quite complex ET system. First, CcP contains two redox centers, the heme and an adjacent tryptophan, each of which can be oxidized under appropriate circumstances (21) . To eliminate this aspect of the problem, we discuss here only the CcP(W191F) mutant, for which the photocycle of Eqs. 1 and 2 involves only the hemes of the partners (22, 23) . Second, although interprotein ET between CcP and Cc was long assumed to occur solely through a tight-binding 1:1 complex, as visualized by x-ray diffraction (24) , our work has shown that CcP can bind two Cc at distinct domains (3). Thus, one can view CcP as providing an energy landscape of the gating type ( Fig. 1 A Center) but with reaction possible when Cc is bound in either ''well. '' In this article we take advantage of the fact that the association constant for formation of the tightly bound 1:1 complex is sufficiently high (K ϭ 10 7 M Ϫ1 ) that at small ratios of Fe 3ϩ Cc͞ ZnCcP one can treat the system as stoichiometrically forming this complex; in effect, the complex functions as though it were represented by the simple-docking landscape. However, because the stability of this complex is far less than that of the Hb tetramer, the [ZnCcP(W191F),Fe
3ϩ Cc] complex offers the possibility that intracomplex dynamics within the ''tight-site energy well'' may play a larger role than in the Hb hybrids. Indeed, it should be recalled that the beautiful 1:1 structure for this complex was derived from a partly dehydrated crystal; in the as-formed crystals, the Cc adopted multiple positions (either statically or dynamically) and was not apparent in the x-ray structure (24) . We present evidence for the differential influence of dynamic processes on Eqs. 1 and 2 when measuring the effects of increasing viscosity on the progress curves for I in the ET photocycle in Fig. 2 . Our recent studies of ET between Mb and Fe 3ϩ b 5 showed that they were represented by the dynamic docking landscape of Fig.  1 A Right (4, 14) . This paradigm in protein-protein ET was revealed through the decoupling of binding and reactivity: increasing the surface charge on Mb caused the second-order rate for ET from 3 ZnMb to Fe 3ϩ b 5 to increase by nearly three orders of magnitude without significantly varying Mb's binding affinity for Fe 3ϩ b 5 . We find that further modulation of the electrostatic interaction with three other Mb surface mutants provides dramatic evidence for the analysis presented above, with further evidence provided by the effects of changing viscosity in the analogous system of Hb ␣-chains with Fe 3ϩ b 5 .
Materials and Methods
Protein Purification. Hb was isolated from human erythrocytes and purified by ion exchange chromatography (25) . The [␣(Zn),␤(FeCO)] Hb hybrid was prepared by the chain method (26) with the modifications described by Naito et al. (27) . The [␣(Zn),␤(FeCO] hybrid was oxidized with potassium ferricyanide at pH 6 and converted to the azidomet form by copiously washing the sample on a size-exclusion resin equilibrated with a buffered solution containing 50 M sodium azide. The plasmids for expressing the trypsin-solubilized fragment of bovine The plasmid for CcP(W191F) was obtained from Dave Goodin (The Scripps Research Institute, La Jolla, CA) (31, 32) . The protein was overexpressed in E. coli containing this plasmid, Intracomplex ET photocycle, simplified by ignoring association͞ dissociation of the ground and photo-excited states.
cells were isolated, and apo-CcP was extracted, purified, reconstituted with hemin, and crystallized following the procedure published for the recombinant CcP(MKT) (32) . Zn-substitutedCcP was prepared by heme extraction and reconstitution with Zn-protoporphyrin IX (Frontier Scientific) following the procedure of Asakura and Yonetani (33) . The plasmid for yeast iso-1 Fe 3ϩ Cc(C102T) was obtained from Marcellus Ubbink (Leiden University, Leiden, The Netherlands), and Fe 3ϩ Cc was prepared as described (34) .
Flash Photolysis Measurements. Samples for ET studies were prepared in the dark under a N 2 atmosphere as described (4, 14) . Briefly, protein stock solutions for flash photolysis were exchanged into working buffers: 10 (35) . Small volumes of aqueous stock solutions of the proteins were added to the cryosolution.
Flash photolysis measurements were performed with an LKS60 photolysis unit (Applied Photophysics, Surrey, U.K.) equipped with a pulsed Xe arc lamp and a frequency-doubled Nd:YAG pulsed laser (YG660A, Continuum, Santa Clara, CA) as the excitation source. Triplet decays were recorded at 475 nm, and signals for the ET intermediates were acquired at triplet isosbestic points. Measurements were performed at 20°C.
For the Hb hybrids and the complexes with Fe 3ϩ b 5 , the time courses for the ET intermediates were fit to the scheme of . 2, k b ) is greater than k obs , and as a result, I appears with a rate constant that corresponds to k b and decays with one that corresponds to k obs (Fig. 3 Inset) .
The two rate constants for the ET photocycle were determined for solutions of the hybrid whose viscosity () ranged from ϭ 1 centipoise (cP) (buffer) to ϭ 13 cP (75% cryobuffer; 20°C). To best compare the effects of viscosity on the two rate constants (k f and k b ), we normalized each to its respective value in aqueous buffer (Fig. 3) . The forward ET rate constant in aqueous buffer is small (k f ϭ 25 s Ϫ1 at ϭ 1 cP) and shows a distinct decrease with the initial increase in viscosity, and then a continued slow fall, k ϰ Ϫ0.3 , qualitatively as expected for a reaction that depends on dynamical processes that are progressively being slowed. The back rate constant is much larger (k b ϭ 234 s Ϫ1 at ϭ 1 cP) and behaves quite differently, being virtually independent of in the range studied. This differential effect of on k f and k b suggests a complex where forward ET is facilitated by conformational fluctuations; if back ET depends on viscosity, the low solution viscosities used are less than the ''internal viscosity'' (18) associated with the relevant fluctuations. We note that both forward and reverse ET processes must persist as the viscosity increases ''without bound,'' as the ET photocycle is observed down to helium temperatures (37 3ϩ Cc] complex is in slow exchange with its components, and as a result, the 3 ZnCcP(W191F) decay becomes biexponential. The fraction of CcP involved in the complex decays with a rate constant increased by photo-initiated ET, k obs ϭ k D ϩ k f ; the unbound fraction decays with k D. During a titration of ZnCcP with Fe 3ϩ Cc, the decay constants remain unchanged, and the fraction of ZnCcP bound in a complex increases according to a hyperbolic binding isotherm. The intermediate, I, appears exponentially, with a rate constant that corresponds to the triplet decay of the complex, and returns to the ground state through back ET with a smaller rate constant, k b Ͻ k obs (Fig. 4 Inset) . A second phase in the decay at long time shows that I in part dissociates (rate constant k off ), with the separated components subsequently undergoing second-order back ET to the ground state (Fig. 2) . For the ET intermediate formed in aqueous solution, the fit of the progress curve with the mechanism in Fig. 2 We have measured the viscosity dependence of k f , k b , and k off . To best compare the effects of viscosity on the two ET rate constants (k f and k b ), we again normalized them to the respective values given above for aqueous buffer ( ϭ 1 cP at 20°C) (Fig. 4) . The rate constant for photo-initiated ET, k f , doesn't change with increasing until Ϸ3 cP, then gently falls with further increase in , behavior that appears quite different in detail from that of the hybrid. The value of k b for the [ZnCcP,Fe 3ϩ Cc] complex also changes weakly with the initial increase in , but actually appears to show an initial small increase with increasing viscosity. As the viscosity for the complex is raised beyond Ϸ3 cP, k b falls more steeply than does k f . Thus, the forward and back ET processes for the complex, like those of the hybrid, show differential dynamics, as reflected in the different dependencies on . Unlike the hybrids, results to date suggest that intracomplex ET may not persist as the viscosity increases without bound (38) . , indicating that the affinities of all of the variants are low and that the complex and components are in rapid exchange (4, 14) . These studies showed that the bimolecular, 3 ZnDMb 3 Fe 3ϩ b 5 forward ET rate constant, k f2 , increases dramatically as the positive charge on Mb is changed by the nominal amounts, Ϫ1 Յ ⌬q nom Յ ϩ3, but without a substantial increase in the binding affinity (4) . To extend these observations, we used the MACRODOX simulation program (7) to predict the relative reactivities of D͞E-to-K charge-reversal mutants of Mb. Three of these ⌬q nom ϭ ϩ2 variants (D44K, D60K, and E85K) were predicted to show a substantial enhancement of the ET rate constant, and we have prepared Zn-deuteroporphyrin-substituted versions of two of them (D44K and D60K), as well as the double mutant (D44K͞D60K), ⌬q nom ϭ ϩ4. (37), also with ⌬q nom ϭ ϩ2; this finding likely reflects the different locations of the mutations on the Mb surface, but also may involve increased hydrophobicity of the interaction domain. The quenching constant for the Mb(D44K͞D60K) double mutant, ⌬q nom ϭ ϩ4, is double that for Mb(dme), ⌬q nom ϭ ϩ2. The titration curve for the double mutant shows slight curvature, suggesting that the increased net charge of this ZnDMb finally has increased the binding constant enough for us to see hints of saturation. 5 forms with a rate constant, k f , that is faster than the decay of the photo-excited triplet state, and it disappears slowly, with a concentration-dependent rate, indicating that association͞ dissociation of all states must be considered; similar results were reported for the reaction of whale ZnDMb with Fe 3ϩ b 5 (9) . Detailed analyses of these traces will be forthcoming; for present purposes it is instructive to consider the apparent first-order rate constants obtained by fitting the time courses of I to a simple exponential rise and fall. With such a fit, the rate constant for the appearance of the intermediate corresponds roughly to the rate constant for triplet decay; with an appreciable excess of Fe 3ϩ b 5 as used here, this rate constant is essentially the pseudo first-order forward ET rate constant:
. The time, t 1/2 ϭ ln2͞k b , corresponds to the half-time for back ET under the experimental conditions. As ⌬q nom for the Mb variants increases, the k f increases strongly and the k b less strongly; as a result, the maxima in the progress curves shift to earlier time. In addition, the amount of I that accumulates decreases, dramatically so for the ⌬q nom ϭ ϩ4 double mutant. This finding is extremely anomalous. In any simple docking (Fig. 1) kinetic ET scheme for I, when the rate of appearance of I (k f ) increases more rapidly with ⌬q nom than the disappearance rate, then the maximum concentration of the intermediate must increase with ⌬q nom , regardless of whether the product complex is in slow or fast exchange with its components. However, the behavior of I for Mb and its mutants, particularly the double mutant, is precisely the opposite (Fig. 5) .
We suggest that this behavior is explained by conformational interconversion of I within the dynamic docking landscape (Fig.  1 A Right and B) . The increase in observed k f2 with increasing ⌬q nom is attributed to increased electrostatic interaction that raises the binding constants for the reactive configuration(s) of the [ZnDMb,Fe 3ϩ b 5 ] complex and hence the probability that [ 3 DA] will achieve such a configuration before deactivation. I is necessarily formed in a reactive configuration, and we further propose that the strengthened electrostatic attraction in the reactive configuration(s) of the mutants, and most especially the double mutant, slows conformational conversions of I that break the connection through which back ET can promptly return I to the ground state. Only those complexes that successfully undergo the conversion to a nonreactive configuration accumulate for detection. , the time course for the ET intermediate again is complex, and we thus discuss apparent rate constants, k f and k b , obtained by fitting the progress curves of I to a simple rise-and-fall function. For both ZnDMb and ␣(Zn) complexes, k f decreases monotonically with viscosity, according to the function, k f ϰ Ϫ0. 6 . The deviation of the exponent from unity, the expected value for a diffusive second-order process (39) , indicates that intracomplex motions are involved as well. Likewise, in both systems the back rate constant has a steeper dependence on viscosity. Thus, these systems resemble the [ZnCcP(W191F);Fe 3ϩ Cc] complex after the crossover of the curves for the two rate constants, whereas the mixed-metal Hb hybrid resembles it before the crossover.
Summary
The preliminary observations described above were assembled to explore the idea that the two halves of the ET photocycle, Eqs. 1 and 2, might be inf luenced differently by dynamic processes. Forward ET is initiated with the protein partners in an equilibrium ensemble of configurations, most of which have little or no reactivity, whereas the reactant of the back reaction (the ET intermediate I) is formed in a nonequilibrium set of activated protein configurations. The studies on four systems chosen for their different energy landscapes support this idea. They give us the opportunity to obtain detailed information about the differential dynamic properties of the initial ensembles of configurations for the forward and back ET reactions and the time scale of their conversion to inactive ones.
We have taken two approaches with these studies. First, we study the coupling of dynamic processes to interprotein ET through the use of high-viscosity cryosolvent solutions. This approach has long been used, through such studies as our own work with mixed-metal Hb hybrids (40) (45), which presented the first comparisons of the viscosity dependence of k f and k b , numerous studies of the photosynthetic reaction center reacting with Cc (46) , and a recent study of a tethered ET pair (47) .
For all three systems studied here, forward and reverse ET respond differently to modulation of dynamic processes; further, the response to changes in viscosity is different for each system. The mere observation of viscosity effects on ET within the most rigid of protein complexes, the Hb hybrids, was something of a surprise to us. For the Hb hybrid under these conditions, k b is essentially invariant with viscosity, while k f falls significantly. For the [ZnCcP, Fe 3ϩ Cc] complex, with small increases in viscosity, k f again is invariant with increasing ; k b is nearly so, although it appears to exhibit a gentle rise. At higher viscosities, k b falls more rapidly than k f , in contrast to the hybrids but similar to the complexes with Fe 3ϩ b 5 . Clearly, the complicated responses of these several systems to changes in viscosity shows that the analysis of Fig. 1 has disclosed a fruitful area for examination, but falls far short of a complete picture of the influence of intracomplex dynamics on interprotein ET reactions. Among the issues to be addressed are the degree to which the addition of glycerol may be (i) changing the energy landscapes themselves, not merely the rates with which the landscapes are traversed (48) , and (ii) influencing water activity (49) (50) (51) .
The second approach has been the use of the Mb surface mutants. Perhaps the single most dramatic observation in this report is the loss of the ET intermediate in the [ZnDMb(D44K͞ D60K),Fe 3ϩ b 5 ] complex (Fig. 5) , which we interpret in terms of the nonequilibrium initial conformation(s) of I.
This article presents exploratory efforts that are being extended, and the ideas presented here could well provide the impetus to rethink earlier viscosity studies (18, 40, (43) (44) (45) (46) (47) . More broadly, consecutive ET reactions can be considered as prototypes for multistage enzyme-catalyzed chemical reaction, and studying the effects of dynamics and binding energetics on the rich behavior of these ET reactions can further the understanding of the redox processes in these complex biological systems.
Note Added in Proof. Under other conditions, kb for the hybrids distinctly increases with viscosity.
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